The extraordinarily large superplastic elongation depends on the ability of fine grains to maintain an equiaxed shape during deformation without fracture. Grain switching is the topological principle of superplasticity. In three dimensions the face-creation switching and face-elimination switching are elemental processes not only in superplasticity, but also in the evolutionary formation of grain boundary networks in grain growth and sintering.
Introduction
Superplasticity is essentially an interface phenomenon in polycrystalline solids at elevated temperatures [1] . The motion of grain boundaries changes the topology of the grain boundary network. We distinguish between "conservative" interface motion and "non-conservative" interface motion [2] . The "conservative" motion is defined as the motion of an interface which occurs in the absence of a diffusion flux of any component in the system to/from the interface. Grain boundary motion by curvature, which causes grain growth, is an example of this type of motion. The positions of the two crystals adjoining the interface remain fixed during "conservative" motion. "Non-conservative" motion occurs when the interface motion is coupled to long-range diffusional fluxes of the components to/from the interface. An example of non-conservative motion is diffusional creep, in which the grain boundary acts as a source/sink of vacancies. The lattice sites at the boundary are created or destroyed, which in turn, cause the relative motion of crystalline grains. The relative motion, or Lifshitz sliding, is illustrated as a shift of marker line in Fig. 1a [3] . In classical models of diffusional creep, the volume of the grain is unchanged, and the grains are elongated. While the topological change is not considered in diffusional creep, the motion of grains involves grain switching, the rearrangement of grains by grain boundary sliding, in superplasticity.
Superplasticity refers to the ability of polycrystalline solids to achieve extraordinarily large elongations. A large number of fine-grained polycrystalline solids, metals, ceramics, and intermetallics exhibit superplasticity at elevated temperatures [1] . Although the details of the physical mechanism, grain boundary sliding accommodated either by diffusion or by dislocation motion, are different in various materials, one topological feature of superplasticity is commonly observed, that is, the equiaxed shape of the grain is retained even after large elongation.
The structure of the grain boundary network in polycrystalline solids has characteristics similar to those of soap froth and emulsions. Rachinger and Ashby and Verrall [4] constructed topological models of superplasticity from the observation of the flow of soap froth and emulsions. Princen's model [5] (Fig. 1b) illustrates the variation in structure with strain for the periodic array of hexagonal bubbles. The soap froth rapidly restores a hexagonal structure after grain switching at 1.15 = . Gifkins [6] considered that the boundary "mantle" of the grain behaved differently from the central "core" of the grain. Grains change their shape by deformation of the "mantle" in his core-mantle model (Fig. 1c ). Since the grains recover the initial hexagonal shape at 1.15 = , the shear deformation can proceed beyond this strain. In both Princen's model for soap froth and the core-mantle model for superplasticity, one grain loses two interfaces and gains two interfaces in the strain period 1.15 = , in order to retain the equiaxed shape. This topological law describes the relationship between grain switching and the shape of regular grains. The real structure of the grain boundary network, however, is different from the periodic packing of identical grains. The real structure is disordered, and the grain size distribution is wide as shown in Fig. 2 [7] . 
Three-Dimensional Simulation of Dynamics of Grain Boundary Network
Grain Switching and Cage Break-Up The topology of grain boundaries is modified not only by the movement of grains but also by "non-conservative" motion of grain boundaries in grain growth [8] . The elemental processes of topological change are grain switching (T1 process) and the disappearance of grains (T2 process). The small grains shrink and disappear, and the mean size of the remaining grains increases. Figure 3 shows an example how one grain changes its size and shape with time. The state of a grain is classified according to its number of faces f , or coordination number. Grain switching changes f , i.e., grain switching creates or eliminates a face of the grain [9] . 
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Here we illustrate grain switching in grain growth by using an aggregate of grains as a model ( Fig. 4 ). As the grains A and B shrink, a small triangular interface between A and B vanishes ((2) (4)); it is face-elimination switching. When the volume of grain A and grain B are larger than those of grains C, D, and E, the reverse process proceeds ((4) (2)); it is face-creation switching.
An example of grain switching by movement of grains is shown in Fig. 5 [10] . The aggregate consists of four free particles (C, D, E, F) which are located between two sintered grains (A, B). The front grain F is omitted from Fig. 5 in order to show the structure of internal interfaces of the aggregate. In Fig. 5a grains A and B contact; this is an On-state. When external tension force is applied on grains A and B, two particles move as a result of non-conservative motion of grain boundaries. If atom diffusion takes place through surface, grain boundary and lattice minimizing the sum of surface energy and grain boundary energy, the A-B interface will disappear at Fig. 5b , and two grains will be separated (OFF-state) at Fig. 5c . This is a minimal model for superplasticity. A new rectangular interface between grains D and F emerges at Fig. 5c . Although the elimination and creation of rectangular interfaces occur simultaneously in this six-grain model of grain switching, the disappearance of a four-sided interface can be decomposed into face-creation switching and face-elimination switching of triangular interfaces generally [9] . Let us consider the deformation of many grains. One grain is caged in a cluster of neighbor grains as shown in Fig. 6a [3] . The grains in the cluster elongate in diffusional creep without grain switching (Fig. 6 b, c) . The caged grain remains inside after the deformation. On the other hand, the grain retains an approximately equiaxed shape in the simulation where grain switching occurs ( Fig. 6 d, e ). Some neighbor grains separate from the center grain by face-elimination switching, and the gray center grain appears from the inside. We shall call this cage break-up of the cluster. 
Grain Switching in a Disordered System of Grains
The topological laws for the relationship between the structure of a boundary network and grain switching are common in both Princen's model of soap froth and the core-mantle model of superplasticity. Therefore, we simulated the shear deformation of soap froth as a kind of "thought experiment" for superplasticity [3] .
Euler's equation gives the law of conservation for the topological parameters of a polyhedron, the number of faces F , the number of edges E , and the number of vertices V : 2 F E V + = (1) The average number of faces for one grain F was about 13.9 in a monodispersed structure with identical grains, and about 13.0 in a polydispersed structure with grain size distribution. In this model the equiaxed shape of the grains could be maintained in a disordered system of N grains when both face-elimination switching and face-creation switching occurred N times in shear strain . The simulation gave values from 4.9 to 4.5 in the monodispersed structure and 4.7 = in the polydispersed structure with the grain size distribution of normal grain growth. The strain, which is associated with grain switching, is represented by
, where F is the mean cumulative number of grain switching events. When the cumulative number of grain switching events is smaller than N , is less than . The intragranular strain, which is related to the aspect ratio of the grains, is represented by = . The grains elongate with increasing . The anisotropic deformation of the grains brought about the back stress, which acted to restore the equiaxed shape. The back stress by boundary tension was proportional to . Ashby and Verrall proposed the strain rate for grain boundary sliding accommodated by diffusion [4] , 2 0.72 3.3 100 1
where gb is the grain boundary energy, V D is the lattice diffusion coefficient, and B D is the boundary diffusion coefficient. The term 0.72 / gb d was the maximum back stress in the grain
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switching of a regular array of grains, in which all the grains changed their shape simultaneously. The back stress of the disordered structure of grains 0.15 / gb d is much smaller than Ashby-Verrall's threshold stress due to the stochastic nature of grain switching.
Superplastic materials exhibit anelasticity. The time-dependent recoverable strain reaches 0.2-0.5% after unloading. The anelastic strain is from 100 to 290 times larger than the elastic strain on unloading. Todd [11] found that the relaxation process was divided into a short relaxation time regime and a long relaxation time regime. He explained the anelasticity in the long relaxation time regime by the boundary tension relaxing the grain back to an equiaxed shape. His boundary tension corresponds to the back stress.
Sintering Process and Superplasticity
Why Superplasticity Occurs at Temperatures Close to the Sintering Temperature? The phenomenon of superplasticity takes place at temperatures much lower than the melting point. The temperature range for superplasticity is close to the temperature for sintering. Naturally the strain rate will be enhanced at higher temperatures, and even high-strain rate superplasticity can occur. There is actually a close relationship between sintering and superplasticity.
The morphological change of particles in sintering can be achieved by mass transport involving multiple diffusion paths: evaporation-condensation, surface diffusion, grain boundary diffusion and lattice diffusion [12] . Sintering accompanies the motion of particles. The densification requires that the centers of particles approach one another. Sintering by densifying mechanisms is an example of "non-conservative" motion of grain boundaries. While the motion of grains and rearrangements in superplasticity are driven by the external force, the driving force for sintering is the surface energy s .
In order to analyze how the grain boundary network evolves by the forces acting among particles and by motion of particles, we consider sintering of two particles as a simple model [10] . Two particles make a bond by sharing the interface, and form an energetically stable particle pair in sintering. When the interparticle distance is constrained, the equilibrium configuration of a pair is different from the unconstrained one. The equilibrium energy of a pair under constraint is determined as a function of interparticle distance as shown in Fig. 7 . The curve has a minimum at the equilibrium distance. The depth of the energy potential curve is the bond energy E . The sintering force [13] , a force necessary to just stop the sintering contraction along one axis of the sinter body, is calculated from the slope of the energy potential curve. The normalized sintering force is plotted as a function of normalized distance between particles in Fig. 8 . The force is zero at the minimal energy * b E . The sintering force has a maximum at a certain distance. When the external force is larger than the maximum sintering force, the particle pair becomes unstable and dissociates. Therefore, the maximum sintering force is the "fracture strength" of the pair at elevated temperature.
The equilibrium energy of the six-grain cluster in Fig. 5 is also obtained as a function of distance between grains. The sintering force is calculated from the energy potential curve, and plotted in Fig.  8 . The six-grain cluster is the minimal model for superplasticity. The circle in Fig. 8 indicates the ON-state with bonding between two particles, and the rectangle indicates the OFF-state without bonding. The force, which is required to switch from the ON-state to the OFF-state is about one tenth of the maximum sintering force in sintering of two particles. This is the simplest model which shows that fine-grained polycrystalline solids can be elongated superplastically without fracture at temperatures close to the sintering temperature [12] . Fig. 7 . Energy potential curves of the two-particle Fig. 8 . Sintering force-distance curves for model. The black dot indicates the energy minimum. two grains and cluster of six grains.
Summary
The structure of a grain boundary network evolves dynamically in grain growth, sintering, and also in superplasticity. We showed that the elemental topological process in these phenomena is grain switching, i.e., the elimination and creation of interface. Computer simulation enables us to track the dynamic evolution of grain boundary network of materials consisting of thousands of grains. The analysis of detailed simulation will give new insights for physical mechanisms of grain growth, sintering, and superplasticity.
